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Abstract 
InVO4 nano-materials with various morphologies were prepared via hydrothermal method. X-ray diffraction, transmission electron 
microscopy (TEM), scanning electron microscope (SEM) were adopted to investigate the effects of various factors, such as pH value, 
V/In molar ratio, hydrothermal conditions and different surfactants, on the phase and morphology of InVO4. Photoluminescence spectra 
were also employed to estimate the photoluminescence properties of as-prepared InVO4 samples. The results show that the pH value and 
V/In molar ratio have an important influence on the phase of InVO4, while the hydrothermal conditions and surfactants mainly affect the 
morphology of InVO4. As-prepared InVO4 samples display an intensive visible emission located in the green region with its maximum 
intensity peak at 530 nm, and the morphology and grain size have obvious effect on the fluorescence intensity of InVO4. 
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1. Introduction 
As an important semiconductor with narrow band gap (Eg = 2.0 eV), InVO4 has attracted much interest in various fields 
because of its potential applications [1-6]. There are two polymorphic forms of InVO4: monoclinic phase and orthorhombic 
phase [7]. The crystal structure of these two phases consists of VO4 tetrahedra sharing corners to InO6 groups which form 
chains in the first and compact In4O6 groups in the latter phase [8].  
As we all know, the morphology of materials may have some important effects on their physical and chemical properties 
[9, 10]. So it is important to investigate the effects of various factors on the morphology of InVO4 in detail. Synthesis of 
InVO4 powders can be usually simply accomplished by solid-state reaction from In2O3 and V2O5 [11], which results in great 
difficulty in controlling the shape and size of the product. Over the past few years, lots of researches have conducted various 
methods to prepare InVO4 with different morphology and investigate its application in many fields. Li [12] et al prepared 
chrysanthemum-like hierarchical microstructures of orthorhombic InVO4 via a hydrothermal route, which showed a high 
discharge capacity of 608.6 mAh g-1 and acceptable capacity retention when used as an anode material in lithium ion 
batteries. Chen [4] et al found that the gas sensors constructed by the InVO4 particles with different morphologies had 
different sensitivity to ethanol and the sensor based on InVO4 was more sensitive to ethanol than to ammonia. Also, InVO4 
with kinds of morphologies have been used as photocatalyst for degradation of organic pollutants, air purification and water 
splitting. For instance, orthorhombic InVO4 nanofibers synthesized by annealing electrospun precursor fibers [1] and 
nanocrystalline InVO4 hollow microspheres prepared by aerosol flow method [13] all showed high visible light photocatalytic 
performance. Recently, InVO4 prepared by sol–gel method was also employed as a host material, and the luminescence 
properties of InVO4 samples doped with different Eu3+ concentration phosphors were investigated [14]. 
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As mentioned above, there are several methods to control the morphology of InVO4, among them the hydrothermal 
method is a kind of easy route to prepare InVO4 with different morphology by simply changing the hydrothermal conditions 
and adding some surfactants. In this work, InVO4 with different morphologies such as nanoparticles, nanorods, 
microspheres were successfully synthesized by a hydrothermal method. The effects of various factors, such as pH value, 
V/In molar ratio, hydrothermal conditions and kinds of surfactants, on the phase and morphology of InVO4 were studied. 
Also, the room temperature photoluminescence properties of as-prepared InVO4 samples were investigated. 
2. Experimental  
2.1. Preparation 
All of the chemicals are analytical grade and were used as received without further purification. The typical fabrication 
procedure was as follows: 4 mmol InCl3•4H2O was dissolved in 40 mL of deionized water (DIW) and a certain amount of 
NH4VO3 was dissolved in 60 mL of 60 °C DIW. The V/In molar ratio was 1, 2 and 3, respectively. After dissolution, the 
NH4VO3 solution was slowly added to the InCl3•4H2O solution under vigorous stirring. The resulting mixture was then 
adjusted to a special pH (4–8) with 1.0 M aqueous NH3•H2O. After stirred for another 1 h, the yellowish precipitate was 
collected by centrifugation and washed with DIW three times. Finally, the as-obtained precipitate was mixed with kinds of 
surfactant aqueous solution under constant magnetic stirring for 1h. The resulting slurry was transferred to a 50 mL Teflon-
lined stainless steel autoclave and maintained at 150 or 180 °C for several hours. After cooling to room temperature 
naturally, the precipitate was collected, washed with deionized water and absolute ethanol several times, and then dried in 
air at 60 °C for 4 h. For the sake of clear presentation, we denote the obtained InVO4 samples as described in Table 1.                    
Table 1 
Sample V/In ration  pH value 
Hydrothermal 
temperature  
Hydrothermal 
time 
Surfactants 
V1 1  4-8 150 °C  4h No 
V2 2  4 150 °C 4h No 
V3 3  4 150 °C  4h No 
V2-No 2  4 180 °C  24h No 
V2-CTAB 2  4 180 °C  24h CTAB 
V2-PVP 2  4 180 °C  24h PVP 
V2-EDTA 2  4 180 °C  24h EDTA 
The average grain sizes for InVO4 samples were calculated by Scherrer formula using (112) crystal plane. 
2.2. Characterization 
The crystal structures of the obtained powders were characterized by an X-ray powder diffractometer (XRD, APEXII, 
Bruker, Germany) using Ni-filtered Cu Kα radiation (λ = 1.542 Å). The step scan covered the angular range 10° - 80° in 
steps of 0.02°. Morphologies and structures of the samples were investigated using transmission electron microscopy (TEM, 
TECNAI-10, Hitachi, Japan) and field emission scanning electron microscope (FE-SEM, SU-70, Hitachi, Japan). The 
photoluminescence (PL) spectra of InVO4 samples were detected on a Fluorescence Lifetime and Steady state spectrometer 
(FLS920, Edinburgh, UK) with excitation wavelength of 325 nm. 
3. Results and discussion 
3.1. Effects of pH value and V/In molar ratio on the phase of InVO4 
Figure 1 shows the XRD patterns of V1 samples prepared with different pH values. It can be seen that all the samples have 
significant different profiles. For the sample prepared with pH 4, most diffraction peaks can be clearly indexed to the 
orthorhombic phase of InVO4 according to the JCPDS card no. 71-1689, and the characteristic peaks of In(OH)3 are quite 
weak. However, when the pH value is increased to 6 or 8, the final main product becomes In(OH)3 phase, together with a 
small amount of InVO4. From the experimental results, it seems that there exists an optimal pH value range for the 
formation of pure InVO4. The same phenomena have been observed in hydrothermal synthesis of CeVO4 [15] and BiVO4 [16]. 
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The reason can be explained by the chemical reaction which is formulated to involve the entire reaction process, as shown 
in Eqs. (1) – (3) 
 
In3+ + 3OH− ↔ In(OH)3                                                           (1) 
             
VO3−+ OH− ↔ VO43− + H+                                                        (2) 
 
In(OH)3 + VO43− ↔ InVO4 + 3OH−                                                 (3) 
 
From this chemical reaction, we can simply infer the process of forming InVO4 particles. Firstly, In3+ ions precipitate as 
In(OH)3 nucleis and then VO43- will gradually replace OH− anions to form InVO4 products. Apparently, pH value is quite an 
important factor that affects the formation of InVO4 products according to Eqs (2) and (3). When the pH value reaches high, 
InVO4 will redissolve to In(OH)3. While under low pH condition, VO43- species can hardly exsit, thus restraining the 
formation of InVO4. 
 
Fig .1 XRD patterns of InVO4 samples prepared with different pH values (4–8). 
We have also conducted a series of experiments to investigate the effect of V/In molar ratios on the formation of pure 
InVO4 phase. Figure 2 shows the XRD patterns of the obtained V1, V2 and V3 samples prepared from the solution with pH 
4. From the results of XRD patterns, the optimal molar ratio of V/In to obtain the pure orthorhombic phase of InVO4 is 2/1. 
When the ratio of V/In reaches high, the VO43- species will tend to form multi-vanadates. And when the ratio of V/In is low, 
there are not enough VO43- species to form InVO4, thus leading to the impurity of In(OH)3. The average crystalline size of 
V2 estimated by Scherrer formula based on the XRD results of (112) peak is 33.4 nm. 
 
Fig. 2 XRD patterns of InVO4 samples prepared with different V/In molar ratios (pH= 4) 
The microstructure of the obtained pure InVO4 particles was investigated by TEM. Figure 3 shows the TEM image of the 
V2 sample. We can see uniformly dispersed InVO4 particles with regular shape from this image. The diameter size is 
between 20-40 nm, which is consistent with the XRD analysis result. The SAED patterns (the inset of Fig. 3) shows 
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disordered and weak diffraction spots, indicating that the obtained InVO4 particles prepared within 4 hours are poor 
crystalline. 
 
     Fig. 3 TEM image of InVO4 sample (V2) prepared from the solution with pH 4 at 150 °C for 4 h. The inset is the SAED patterns of InVO4. 
3.2. Effects of hydrothermal condition and surfactant on the morphology of InVO4  
As discussed before, we can prepare pure InVO4 nanoparticles when we control the two key factors: pH value and V/In 
molar ratio. Based on this, we have further investigated the influence of other parameters, such as hydrothermal conditions 
and surfactants, on the evolution of morphology and size of InVO4. As we all know, hydrothermal temperature and time are 
two basic factors that affect the morphology and crystallinity of products during the hydrothermal reaction [17, 18]. Fig. 4 
shows the SEM and TEM images of InVO4 products prepared by different hydrothermal conditions. The InVO4 sample (V2) 
prepared at 150 °C for 4 h is uniformly dispersed particles (Fig. 4a), which is consistent with the TEM image of Fig. 3. 
When the temperature increases from 150 °C to 180 °C (Fig. 4b), the grain size of InVO4 becomes larger and the particles 
begin to aggregate. When a high temperature of 180 °C and a long reaction time of 24 h are used (Fig. 4c), a large number 
of aggregates tend to organize into hierarchical microstructures with ill-defined shape and inhomogeneous size. The 
microstructure of hierarchical InVO4 aggregates is further investigated by TEM. Fig. 4d shows a single hierarchical InVO4 
aggregate composed of nanoparticles with inhomogeneous size. The inset of Fig. 4d is a high-resolution TEM image taken 
from the fringe of a microsphere marked by a small blue rectangle. From this image, clear lattice fringes with the lattice 
interplanar spacing of 0.39 nm are observed, which corresponds to the (111) crystalline plane of orthorhombic InVO4, 
giving evidence that the nanoparticles prepared at 180 °C for 24 h are highly crystalline . 
     
   
Fig. 4 SEM images of InVO4 samples prepared with different hydrothermal conditions: a 150 °C 4 h, b 150 °C 24 h, c 180 °C 24 h; d TEM and HRTEM 
images of InVO4 samples prepared at 180 °C for 24 h. 
Figure 5a shows the typical XRD patterns of samples obtained in the presence of different surfactants from the solutions 
maintained at 180 °C for 24 h. All diffraction peaks can be clearly indexed to the pure orthorhombic phase of InVO4 
according to the JCPDS card no. 71-1689. No characteristic peaks of any other impurities such as InOOH or In(OH)3 are 
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observed. Further observation shows that the XRD peak intensities of orthorhombic InVO4 in the presence of different 
surfactants are quite different in the peak intensity and peak width, as shown in Fig. 5b. The crystallite sizes of InVO4 
particles obtained in the  presence of CTAB, PVP or EDTA are 23.6, 60.1, 35.3 nm,  respectively, which are estimated by 
the Scherrer formula based on the XRD results of (112) peak. 
       
Fig. 5 XRD patterns of samples prepared at 180 °C for 24 h  in the presence of different surfactants in the range of a 2T = 10 – 80º; b 2T = 30 – 40º. 
Figure 6 shows the SEM images of InVO4 samples with the assistance of different surfactants. We can see that the 
primary nanoparticles suffer from entropy-driven random aggregation in the absence of surfactants when the temperature 
and hydrothermal time are increased. Thus, ill-defined nanostructures and their assemblies are formed (Fig. 6a). With the 
addition of PVP, the obtained InVO4 samples are nearly monodispersed nanorods with diameter of 80-120 nm and length of 
100-200 nm (Fig. 6b). Few cube-like particles are also found in the sample. Figure 6c shows the typical morphology of the 
sample obtained in the presence of CTAB. Compared to the ill-defined aggregates of InVO4 synthesized without surfactants, 
we can prepare independent and uniform 3D hierarchical InVO4 microspheres with diameter size between 2-5 μm with the 
assistance of CTAB. The cationic CTAB template here is important as expected to bind the nanoparticles together through 
electrostatic interaction after the aggregation has taken place. Figure 6d is for the sample obtained in the presence of EDTA, 
InVO4 particles with regular shape and small size are revealed.  
    
    
Fig. 6 SEM images of InVO4 samples prepared with different surfactants at 180 °C for 24 h: a No surfactant, b PVP, c CTAB, d EDTA. 
3.3. Effects of morphology and grain size on the photoluminescence property of InVO4 
The room-temperature photoluminescence spectra of the obtained InVO4 samples are shown in Fig. 7. In general, the PL 
spectra show that InVO4 samples display an intensive visible emission which is mainly located in the green region with its 
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maximum intensity peak at 530 nm, yielding the typical luminescent band of nano-materials in a wide range of fields. This 
green emission is beneficial for its application in optic devices [19]. However, the PL intensities of the obtained InVO4 
samples are quite different. The V2 sample shows a strong luminescence emission, which is mainly attributed to the 
existence of many oxygen vacancies and defects [20, 21].  In addition, the morphology and grain size are also important 
factors that affect the photoluminescence of the oxide nanoparticles. According to the literature [22], the motion of the charge 
carriers one obtains for the average transit time from the interior of the particle to the surface can been expressed by the 
following formula: Wd = r02 / π2D, r0 is the particle radius and D is the diffusion coefficient of the carriers. Apparently, when 
the grain size is large, photo-generated electrons and holes will take a long time and migration distance to reach the surface, 
and there will be a great chance to be captured, which emits strong fluorescence intensity. So the PL intensity of V2-No, 
V2-EDTA, V2-CTAB are mainly related to the grain size based on the XRD results. However, V2-PVP shows a quite low 
luminescence emission despite its grain size is the largest of all. The plausible reason may be related to its special 
morphology and surface state, and further studies are needed. 
 
Fig. 7 Photoluminescence spectra of the obtained InVO4 samples monitored at an excitation wavelength of 325 nm. 
Conclusion 
InVO4 nano-materials with different grain size and morphology were successfully synthesized by a hydrothermal method. 
Various parameters such as pH value, V/In molar ratio, hydrothermal conditions were conducted to examine the resulting 
phase formation and particle morphology of InVO4. We can obtain pure orthorhombic phase when the pH value and the 
V/In molar ratio are 4 and 2, respectively, also control the morphology of InVO4 by changing the hydrothermal conditions 
and adding some surfactants. In addition, the relationship between morphology and room temperature photoluminescence 
property was investigated. And we believe that the photoluminescence property of the InVO4 nano-materials may have 
some promising applications in the future. 
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